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SPACE SHUTTLE ORBITER TRIMMED CEKTER-OF- 
GRAVITY EXTENSION STUDY: VOLUME II - EFFECTS OF CONFIGURATION 

MODIFICATIONS ON THE AERODYNAMIC CHARACTERISTICS OF ' 

THE 140A/8 ORBITER AT TRANSONIC SPEEDS 

by U. Pelham Phillips 
Langley Research Center 

SUMMARY 

Transonic aerodynamic tests were conducted in the Langley S-Foot 
Transonic Pressure Tunnel to determine the effects of fuselage fore- 
body and wing fillet modifications on the longitudinal and lateral - 
directional characteristics of a 140A/C Space Shuttle Orbiter configurati 
The effects of the two forebody modifications on the longitudinal 
and lateral-directional aerodynamic characteristics were minimal; some 
slight increases in lift were produced by the modifications as were 
slight destabilizing pitching moments- Significant destabilizing longi- 
tudinal stability levels were produced by both of the planform fillet 
modifications. Favorable effects in lateral -directional stability char- 
acteristics were produced by an 85° swept fillet modification- Both 
the large and small canards tested produced significant reductions in 
longitudinal stability levels, with the largest canard, C^, having the 
largest destabilizing effect. The lateral -directional characteristics 
of configurations incorporating the canards were improved over those of 
the baseline orbiter. 
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INTRODUCTION 


The longitudinal center-of-gravity range of the Space Shuttle Orbiter 
for trimmed flight during entry, approach, and landing is quite limited. 
This puts a considerable constraint on the allov/able mass distribution 
of shuttle payloads. In an effort to extend the orbiter center-of-gravity 
envelope, a study was undertaken at the Langley Research Center into the 
feasibility of developing simple, "bolt-on" modifications. Modifications 
which were studied included changes in fuselage nose shape and wing 
fillet planform and the addition of fixed canard surfaces. Systems design 
analyses were undertaken to determine the weight penalties. Aerodynamic 
heating tests and analyses provided information on the impact of the 
modifications on thermal protection system requirements. Wind-tunnel 
force and moment tests were conducted across the speed range to assess 
the effectiveness of the modifications in extending the center-of-gravity 
envelope and the influence of the modifications on flight characteristics. 
Hypersonic aerodynamic characteristics of the modifications are presented 
in reference 1. 

The purpose of this paper is to present the effects of modifications 
on the subsonic and transonic aerodynamic characteristics of the orbiter. 
The investigation was conducted in the Langley 8-Foot Transonic Pressure 
Tunnel at Mach numbers fron 0.35 to 1.20. The anglc-of-attack range 
extended from approximately -3° to 23° at sideslip angles of 0° and 5°. 


X 
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SYMBOLS 


The longitudinal aerodynamic data are presented about the sta- 
bility system of axes while the lateral -directional aerodynamics are 
presented about the body axes. All the aerodynamic data contained herein 
were nondimensional ized using the same values for wing reference area, 
snan and mean aerodynamic chord. The moment reference point is located 
at 65 percent of the fusel ane reference length, i.c., 21.38 cm 

(8.42 in.) aft of the model nose. Values are given in both SI and 

US Customary Units. When two symbols are listed for an aerodynamic 

coefficient, the second symbol applies to the computerized tabulation 
of coefficients in the appendix. 
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L Cv\ „ , ner donrf.r 

nrj e = 0 * 5 ° 

lift- drag ratio 

fuselage reference length, 3?. 77 cm (12.90 in.) 

'iaci' number 

2 

froc-stream dynamic pressure, slevtons nor meter 
(lb/ft") 

free-stream Reynolds number based on £ , 

ref 

wing reference area, 0.C2 (0.27 ft^) 

model stations, cm (in.) 
ancle of attack, den 
sideslip angle, den 

body flan deflection ancle (positive for trail inn edge 
deflected downward) , den 

elevon deflection angle (positive for trail inn edge 
deflected downward), den. 

split rudder flare annle (positive for trailing edges 
deflected outboard), den. 


i'lOdel Configuration Components: 

Di V’VS qEF baseline 140 A/d orbiter configuration 

b-j baseline fuselage forebody 

IJ baseline wi no (outboard panel) havinn a leadino-edne sween 

of 45° 

V baseline vertical tail 

S. baseline planforv: fillet 

0 

L baseline elevon 
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cambered fuselage forebod.v modification having identical 
pi an form to E-j 

enlarged planform and cambered fuselage forebody modi- 
fication 

planfom fillet modification having a reduced leading- 
edge sweep angle (76.2°) 

fillet modification having planform geometry similar 
to a strake 

small canard with flat plate airfoil sections 
large canard with flat plate airfoil sections 



APPARATUS AND TESTS 


Model 

Geometric details of the model used in the wind tunnel investigation 
are shown in figure 1 and table I with model photographs in figure 2 . 

The baseline configuration (fig. 1(a)) was anO. 01-scale model of the 
Rockwell International 140A/B Space Shuttle Orbiter configuration geo- 
metrically described in reference 1. The model had a removable forebody 
and removable components in the wing pi an form fillet region which allowed 
geometry modifications. The modifications shown in figures 1(b) to 1(e) 
consisted of two fuselage forebody configurations, 82 and B 4 , two wing 
planform fillet configurations, S] and S£» and two canard configurations, 

C 3 and C 4 . 

The B 2 forebody modification exhibited increased ramping of the 
fuselage nose lower surface (negative camber) while maintaining the 
baseline orbiter fuselage cross-section distribution and, hence, the 
projected planform area. The increased lower surface slopes were ac- 
comoanied by an upward displacement of the nose cap of 0.508 cm (0.200 in.) 

a smooth fairing of the cross sections, from the nose vertical origin 
aft to an x Q station of approximately 10.16 cm, which terminated the 
forebody modification. The B 4 modification exhibited cross section 
modifications which produced increased forebody length and span (the 
nose cap originated at x Q * 5.309 cm and the B 4 forebody terminated 
at an Xp station of approximately 10.16 cm) where it faired with the 
baseline fuselage. 

Planform fillet modification S-j shown in figure 1(d), intersected 
the fuselage at approximately the same point as baseline fillet Sq 
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(x Q = 13.44 cm) but exhibited a lower leading-edqe sweep angle of 76.2°. 

The resulting intersection of the S-j fillet configuration with the orbiter 
reference wing panel was further outboard than for the baseline (Sg) 
fillet. The leading edge of the fillet produced a planform shape 
very similar to a strake (fig. 1(d)). Fillet S 2 had a leading-edge 
sweep angle of 67.4° extending outboard to y Q = 3.584 cm and x q = 12.929 cm. 
At this point the fillet leading-edge sweep increased to 85° and the 
effective fillet intersection point with the outboard wing panel was 
the same as for the baseline fillet (Sg) intersect! on. Both fillet modi- 
fications exhibited streamwise sections which were faired with the out- 
board wing panel and had leading-edge radii identical to those of the 
baseline fillet, Sq. 

Canards C 2 and (fig. 1(e)) had flat plate sections with rounded 
leading edges and sharp trailing edges. The leading-edge sweep angles 
for canards C 2 and were 55.0° and 54.7°, respectively. The trailing 
edge of canards C3 and were formed by circular arc segments having 
radii of 5.245 cm and 6.217 cm, respectively. 

Tests 

The investigation was conducted in the Langley 8-Foot Transonic 
Pressure Tunnel at Tlach numbers from D.35 to 1.20. Free-stream Reynolds 
numbers (based on fuselage reference length) for the investigation ranged 
from 2.20 x 10^ at M = 0.35 to 4.54 x 10^ at M =1.20. Test angles of attack 
were varied from about -3° to 23° at 0° and 5° sideslip. An internally 
mounted six-component strain gage balance was used to measure aero- 
dynamic forces and moments acting on the model. Corrections have been 
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applied herein to the angles of attack and sideslip to account for sting 
and balance deflections produced by aerodynamic loads on the model. To 
avoid shock impingement on the model, no data were obtained between Mach 
numbers of 0.98 and 1.20. 

Transition strips were located behind the leading edges of all model 
components using 0.25 cm wide bands composed of carborundum grains. The 
following tabulation shows the nominal grain diameters and the locations 
of the upstream edge of the transition strips for each model component. 


COMPONENT 

NOMINAL 

GRAIN DIAMETER, CM 

STRIP LOCATION 
(MEASURED PERPENDICULARLY 
FROM COMPONENT LEADING EDGE, 

Wing 

0.0124 

1.27 

Fuselage forebody 

0.0124 

3.05 

Vertical tail 

0.0124 

1.27 

Planform fillets 

0.0150 

1.27 

Canards 

0.0124 

1.27 


8 



RESULTS AND DISCUSSION 


i 


Aerodynamic data obtained in the present study are tabulated by 
* run number in the appendix which also includes a Data Set/Run Number 

Collation Summary to expedite the location of data for a particular 
► configuration and test condition. 

Longitudinal Aerodynamic Characteristics 

The longitudinal aerodynamic characteristics for the baseline 
orbiter configuration* B-j WVS Q EF 9 are shown in figure 3. Effects of 

the various configuration modifications are presented in figures 4 to 


11 and may be indexed as follows: 

Effect of modification(s) : Figure 

B£ forebody 4 

B4 forebody 5 

S] fillet 6 

S 2 fillet 7 

C3 canard 8 

C4 canard 9 

B 2 and S 2 10 

B 2 and C 3 11 


Effects of fuselage forebody modification. - The B 2 forebody modi- 
fication produced a slight increase in lift over the test angle- of- attack 
range at Mach numbers below 0.98 as shown in figure 4. This effect is 
attributed to the negative camber increment of the B£ forebody. Only 
very insignificant effects are shown for B2 at M = 0.98 and 1.20 (i.e., 
figs. 4(d) and 4(e)) . 

The primary effect of forebody (fig. 5) v/as the introduction 
of a small destabilizing increment in longitudinal stability which was 
present over the speed range of the investigation. Incremental lift 

changes for B^ were in general smaller than for B 2 . 
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Effect of planform fillet reshaping .- Replacing the baseline fillet, 

S D , with planform fillet Sj resulted in increased and a significant 

ot 

reduction in longitudinal stability (fig. G). Also, attributable 

to the Sj modification, were increased values of (L/D) ma>; at Mach 

numbers from 0.8 to 1.2. (L/D) =v at M = 0.35 is reduced by about 0.25 

ma a 

for the Sj configuration. 

Some longitudinal aerodynamic effects of adding fillet S 2 are in- 
dicated in figure 7 by the incremental increase in lift shown for the 

configuration wi th 6 = 0° and 6 = —11. 7° - This incremental lift 

y e BF 

increase on the fillet produces a reduction in longitudinal stability 
and a general reduction in pitching moment coefficients at zero lift. 

The (L/D) _. v increase for 0.8iM^0.98 noted for the S fillet con- 
figuration is similar to those shown for the Sj configuration. (L/D) max 
dit M = 0.35 is reduced by about 0,25 for configuration BjWVS^EF. 

Effects of Canards .- Addition of the small canard, C^, (fig. 3) 
produced a significant destabilizing pitching moment shift and an in- 
crease in pitching moment at zero lift over the Mach range of the in- 
vestigation. Only slight changes in L/D are attributed to the canard 
addition at 0.8-M-1.20. A reduction in (L/D) max of approximately 0.2 
wer, noted at M = 0.35. 

The large canard, C^, produced a larger destabilizing pitching 

moment than did (1,e.*fiq. 9). Increases in lift curve slope were noted 
for the C 3 and C 4 configuration at Mach numbers of 0.9 and 0.98. A 0.3 re- 
duction in (L/D) max is attributable to the addition of at M = 0.35 with 
much smaller variations noted at the higher Mach numbers of the study. 
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Effect of EL in combination with and C^ .- Tests were conducted with 

the B 2 forebody modification in combination with S 2 and C 3 (figs. 10 and 
11). Comparison of these data with previously discussed figures 7 and 8 
for configurations BjWVSgEF and BjWVS^EF, respectively, indicats no sig- 
nificant variations in the longitudinal aerodynamic characteristics due 
to B 2 for the S 2 fillet or the C 3 canard modified configurations. 


Lateral -Directional Aerodynamic Characteristics 

The transonic lateral -directional stability characteristics of the 
baseline orbiter configuration B^WVS 0 EF were, in general, not materially 
affected by the incorporation of modified fuselage forebodies B 2 and B^ 
(fig. 12) over the angle-of-attack range of the tests. 

Addition of the wing planform fillet S 2 (fig. 13) produced an in- 
crease in stable lateral stability levels (-C { ) at moderate angles of 
attack (8° <_ a <_ 20°) over the Mach number range of the study. The S 2 
fillet addition also produced stable increments in C n ^ at Mach numbers 
of 0.80 through 1.20 at moderate to high angles of attack. 

In general, the lateral -directional characteristics of the orbiter were 
improved by the addition of canards C 3 or C4. Both C and -C. were 

e b 

increased at all Mach numbers tested. 


Summary of Results 

Tests were conducted in the Langley 8-Foot Transonic Pressure Tunnel to 
determine the effects of fuselage forebody and wing fillet modifications on 

the transonic aerodynamic characteristics of a Space Shuttle Orbiter con- 
figuration. Results are sunmarized as follows: 


n 



1. Fuselage forebody modifications B 2 and B 4 had only small effects 
on the transonic aerodynamic characteristics of the model. 

2. Significant destabilizing longitudinal stability levels were 

produced by both the and S 2 planform fillet modifications. The fillet 

geometry changes also produced a reduction In (L/0) |nax at M * 0.35 and, 

In general. Increased (L/0) at the higher Mach numbers. Favorable 

max 

effects In lateral -directional stability characteristics were produced 
by the S 2 modification. 

3. Canards C 3 and C 4 when added to the baseline configuration pro- 
duced significant reductions in longitudinal stability levels with the 
largest canard, C^» having the largest destabilizing effect. The lateral- 
directional characteristics of configurations incorporating the canards 
were Improved over those of the baseline orblter. 
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TABLE I.- MODEL GEOMETRY 


Theoretical wing: 

Area, planform, m 2 (ft^) 0.021+99 (0.2690) 

Area, elevon, (ft^) 0.001951 (0.0210) 

Span, cm (in.) 23.792 ( 9 . 367 ) 

Chord, center-line root, cm (in.) 17.507 (6.892) 

Chord, tip, cm (in.) ...... 3.501 (1.378) 

Taper ratio 0.20 

Aspect ratio 2.265 

Leading-edge sweep angle, deg 1+5.0 

Trail ing-edge sweep angle, deg -10.0 

Dihedral angle, deg 3.5 

Incidence angle, deg (yo = 5.056 cm) 0.5 

Twist angle, deg 3 .O 

Airfoil section, tip . 0012-61+ modified 

x , wing leading edge, plane of symmetry . . ... « 21 . 23 I+ ( 8 . 36 O) 

°intersection, cm (in. ) 

Fuselage, baseline B-^ configuration: 

Length, reference, cm (in.) 32 . 77 U ( 12 . 9 O 3 ) 

Length, nose-to-body flap hingeline, cm (in.). . . . 32.850 (12.933) 

Width, maximum excluding base flare, cm (in.). . . . 5»U86 (2.160) 

Depth, maximum, cm (in.) . . 6.350 (2.500) 

z Q , reference - forebody apex, cm (in.) 8.585 ( 3 . 38 O) 

Fuselage, B 2 configuration: 

Length, reference, cm (in.) 32 . 77 U ( 12 . 903 ) 

Length, nose-to-body flap hingeline, cm (in.) . . . 32.850 (12.933) 
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TABLE I. -CONTINUED 


Width, maximum excluding "base flare, cm (in.) 5*1+86 (2.160) 

Depth, maximum, cm (in.) 6. 350 (2.500) 

z Q , reference -forebody apex, cm (in.) 9*093 (3*580) 

Fuselage, B^ configuration: 

Length, reference, cm (in. \ 32.77I1 (12.903) 

Length, nose-to-body flap hingeline, cm (in.) 33.510 (I3.193) 

Width, maximum excluding base flare, cm (in.) 5*1+86 (2.160) 

Depth, maximum, cm (in.) . 6.350 (2.500) 

z Q , reference-forebody apex, cm (in.) 9*01+2 (3-560) 

Wing planform fillet Sq, baseline: 

Leading-edge sweep angle, deg 80.9 

x Q , wing leading-edge (theoretical) intersection cm (in.). . 25.98k (IO.23O) 
Wing, planform fillet S^: 

Leading-edge sweep angle, deg 76.2 

X Q » wing leading-edge (theoretical) intersection cm (in.). . 27*9k0 (11.000) 
Wing planform fillet S^: 

Leading-edge sweep angle (forward portion) , deg 67. k 

Leading-edge sweep angle (aft portion), deg 85*0 

x Q , intersection of forward and aft fillet leading-edges , 

cm (in.) 12.929 (5*090) 

x Q , intersection of aft fillet and theoretical wing, 

cm (in.) 25.98k (IO.23O) 

Canard C^: 

Exposed area, m 2 (ft 2 ) ... 0.0012kL (O.OI3363) 

Leading-edge sweep angle, deg 5k* 7 

Canard, C^: 

Exposed area, m 2 (ft 2 ) . 0.00251+k (0.027388) 

Leading-edge sweep angle, deg 5k* 7 

Vertical tail: 

Area (theoretical), m 2 (ft 2 ) O.OO3839 (O.OI+I325) 

? 5 ; 



TABLE I. -CONCLUDED 


Leading-edge sweep angle, deg 1(5.0 

Root chord (theoretical), cm (in.) 6.820 (2.685) 

Tip chord (theoretical), cm (in.) 2.755 (1.085) 

Span, cm (in.) 8.019 (3*157) 
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(a) Three-view of baseline orbiter model (Configuration B^WVS 0 EF) 


Station: 



igure 








X 0 - 5. 969 cm (2.350 in) 

Canard C 3 (Configuration BjWVS^EF) 

X 0 » 13.470 cm (5.303 in) 



(e) Canards C 3 and C 4 
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Figure 1.- Concluded. 
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(e) Modified model with C 3 canard (Configuration 
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Figure 2.- Continued. 
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Figure 2.- Concluded. 





































(d) Concluded 
Figure 3 . - Continued, 
















(a) Concluded 
Figure 4. - Continued 




























(6) M-L20 
Figured- Continued, 
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Figure 5. - Effect cf fu se lage foratcfy B d on tfis longitudinal aerofynamlc characteristic for 
configuration BjWVSqEF. j 6gc * -U.7 0 ; Bgg * 6®. 
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(b> M - 0.80 
Figures.- Continued.': 
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(d) M-0.98 


figures.- Continued. 
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(d) Concluded 
Figure 5.- Continued. 
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Figure 5.- Concluded. 
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Figure 6.- Continued, 
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Figure 6.- Continued, 
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(c) M — 0.90 
Figure 6.- Continued.' 
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(d) M-0.98 
Figured.- Continued. 
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(a) Concluded 
Figure 7.- Continued. 
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re 7.- Continued 
































(c) M -0.90 
Figures.- Continued, 






















(a) M- 0.35 U L 

Figure 9. - Effect of canard C 4 on the longitudinal aerodynamic characteristics 
for configuration BiWVS 0 EF. fi BF ■ -11,7°; 65 b * 









(b) Concluded 
Figure 9. - Continued. 




































(c) M-0.90 
Figure 10.- Continued, 

























(a) M 3 0. 35 


Figure 11. - , Effect of fuselage forebcdy modification in combination with 
canard C 3 on the longitudina! aerodynamic characteristics for configuration 
' BiWVSqEF. 6rc ■ -11.7°;6 sb - 0°. 



































(s) M = L20 
Figure 11.- Continued 
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APPENDIX 


Tabulated Data 

The data presented herein are identified in table II (Data Set/Run 
Number Collation Summary) by configuration and run number. These data 
are also stored on tape in the Space Shuttle Data System (DATAHAN) and 
are identified by shuttle test number LA-51 and data set identifier letters 
Pit. Access to the data may be obtained by writing to the following address 


Chrysler Corporation, Space Division 
Dept. 2910, P. 0. Box 29200 
New Orleans, LA 70139 
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